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ABSTRACT
Experimental investigations were carried out for flow past a sphere in a closed 
circuit wind tunnel. Two different sets of experiments were carried out. In the first case, 
the sphere was supported by a rod. The sphere was made of polymer material and had a 
diameter of 102 mm. Freestream turbulence was generated by placing a perforated plate 
at the entrance of the test section. The Reynolds number of the flow, based on the 
diameter of the sphere (d), was set at 3.3 x 104, 5 x 104 and 6.6 x 104 by varying the 
mean flow velocity. In the second set of experiments, the sphere was supported by 
strings. This sphere was also made of polymer material and had a diameter of 102 mm. 
Three different perforated plates, having holes of size 25 mm, 37.5 mm and 50 mm were 
used. The Reynolds number of the flow was kept constant at 5 x 104.
In both cases the sphere was placed at 20D downstream from the entrance of the 
test section, where D is the size of the holes in the perforated plate. Velocity profile of the 
flow was measured using a hot-wire probe at 10D, 20D and 30D downstream of the 
sphere. Experiments were carried out without and with the perforated plate in place in 
order to study the influence of freestream turbulence on parameters such as Kolmogorov 
length, dissipation rate, integral length, and the skewness and flatness factors.
The results from the analysis of the vortex shedding process clearly showed that 
the strength of the shedding signal weakens in the presence of the freestream turbulence. 
Energy dissipation rate and rms velocity showed an increasing trend with increase in 
Reynolds number. The peak value of Reynolds stress decreased with increase in integral 
length scale.
The drag measurements showed that the highest drag existed for the no plate case. 
In turbulent flow the value of drag coefficient increased with increase in integral length 
scale of the flow and decreased with increase in turbulence intensity of the flow.
iv
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1. INTRODUCTION
Flow past bluff bodies are encountered frequently in engineering applications as 
well as in nature. These bluff bodies may consist of shapes such as spheres, circular 
cylinders, rectangular ducts, and elliptical pipes. The flow past spheres receives much 
attention due to numerous applications such as disperse particle laden flows, motion of 
projectiles, among others. There is also a purely scientific and academic reason to study 
the flow past a sphere since it presents a perfectly symmetrical 3-dimensional body.
In addition, in many industrial problems, knowledge of parameters such as 
aerodynamic forces, wake behavior and heat and mass transfer from spherical bodies in 
the presence of turbulent flows is often required. Some of the examples include particle 
induced mixing, sublimation and bubbling. The motion of projectiles (such as sport balls 
-  golf, tennis where aerodynamic is very important) are some examples of high Reynolds 
number applications. Sphere wakes have a wide range of applications in engineering, for 
instance the wake of a drop is of direct importance in chemical processing. In light of 
these facts, the study of the structure and mixing properties of the sphere wake assumes 
much significance, especially in the presence of turbulence. Particularly important issue 
is to quantify the changes caused by freestream turbulence on the sphere wake 
characteristics and vortex shedding behavior.
The present work studies the effects of freestream turbulence on the wake and 
drag characteristics of a sphere. As part of this study hot-wire measurements were carried 
out downstream of the sphere, at different mean flow velocities. In order to quantify the 
effect of freestream turbulence on turbulent wake parameters such as relative turbulence 
intensity, energy dissipation rate, integral length scale, experiments were carried out 
without and with the perforated plate present. The drag was measured using a loadcell in 
the presence of three different perforated plates.
1.1 Objectives
The focus of this thesis is to study the effects of freestream turbulence on the 
wake of a sphere. In view of this, the objectives of the thesis are: (i) to examine the 
independent influence of Reynolds number and integral length scale on the wake
1
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characteristics, (ii) to investigate the vortex shedding behavior and, (iii) to study the 
influence of freestream turbulence on the drag coefficient of sphere by conducting 
measurements using loadcell.
1.2 Scope of Study
Two sets of hot-wire measurements were conducted. In the first set of 
experiments, hot-wire measurements were carried out at three different Reynolds 
numbers (3.3 x 104, 5 x 104 and 6.6 x 104) by varying the mean flow velocity (5 m/s,
7.5 m/s and 10 m/s). Freestream turbulence was generated by placing a perforated plate at 
the entrance of the wind tunnel. The plate had holes of size 37.5 mm.
In the second set of experiments, hot-wire measurements were carried out at a 
constant Reynolds number (5 x 104) by maintaining a constant mean flow velocity at
7.5 m/s. Three different perforated plates were used during these experiments. These 
plates had holes of size 25 mm, 37.5 mm and 50 mm.
Finally, drag measurements were carried out at three different Reynolds numbers 
(3.3 x 104, 5 x 104 and 6.6 x 104) by varying the mean flow velocity (5 m/s, 7.5 m/s and 
10 m/s). The influence of freestream turbulence was studied by using the three perforated 
plates during the experiments.
1.3 Thesis Outline
This thesis consists of five chapters. Chapter 2 gives a detailed review of the 
literature available on flow past spheres and the effect of turbulence on the aerodynamic 
properties of sphere. Chapter 3 presents a detailed description of the experimental setup 
and measurement techniques used in this study. The results obtained are discussed in 
detail in Chapter 4. Finally, the conclusions of this study and the recommendations for 
future work are provided in Chapter 5.
2
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2. LITERATURE REVIEW
2.1 Flow Past a Sphere
Flow past a sphere has been well studied for low turbulence intensity flows in the 
low and intermediate range Reynolds numbers [Moeller 1938, Cometta 1957, Sakamoto 
and Haniu 1990]. Visualization techniques like surface oil-flow method, smoke method 
and turf-grid method (which consists of a grid of thin wires with tuft attached at each 
node) have often been used in the past; for example by Taneda [1956], to study the 
behavior of flow past a sphere, and the turbulent characteristics downstream of the body. 
As in many other fluid engineering applications, Reynolds number has been widely used 
to classify the different regimes of flow past a sphere. The characteristics of the wake 
structure and properties of the flow, at various values of Reynolds numbers are discussed 
below:
(i.) Re < 20: The flow in this regime remains laminar and the streamlines are distinct
[Taneda 1956]. In this regime the flow does not separate from the sphere surface. 
These characteristics are illustrated in Fig. 2.1(a). The drag coefficient for a 
sphere is given by Stokes’ Law, when the Reynolds number of the flow is very 
low (Re < 1) [Torobin and Gauvin 1959]. According to this relation, Cd varies 
inversely with Re, that is,
24
C0 = —  . (2.1)
Re
When plotted on a logarithmic scale this relationship shows a linear trend. This 
trend can be observed for the earlier portion of the standard drag curve (Re < 1) 
shown in Fig. 2.2.
(ii.) 20 < Re < 400: As the flow velocity increases a boundary layer gradually
develops along the surface of the sphere. The flow separates from the boundary, 
due to the adverse pressure gradient at the front of the sphere (about 82°). This 
leads to the development of the wake which consists of a region of recirculation 
zone, as shown in Fig. 2.1(b). In a three-dimensional space this region of 
recirculation resembles a stationary vortex ring, as observed in many experiments 
in the past [Achenbach 1974b, Ormieres and Provansal 1999].
3






Fig. 2.1: Schematics of flow past a sphere at (a) Re < 20, (b) 20 < Re < 400, (c) 400 < Re 
< 103, (d) 103 < Re < 3 x 105 and (e) 3 x 105 < Re.
4
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(iii.) 400 < Re < 103: At higher Reynolds number the vortex ring starts to oscillate, and 
the wake becomes unsteady. When the flow reaches this condition the vortex 
shedding process commences. The resulting shape of the vortex structure in the 
wake of the sphere is shown in Fig. 2.1(c). As can be observed in the figure, 
horse-shoe shaped vortex loops are formed [Magarvey and MacLatchy 1965, 
Achenbach 1974b, Ormieres and Provansal 1999]. These loops are rapidly 
detached from the near-wake region and form a series of vortices that are shed 
periodically into the far wake. In the region approximately given by 1 < Re < 10 , 
the value of Co deviates from the simpler Stokes’ Law and as shown in Fig. 2.2, 
the curve no longer follows a linear trend. The relationship in this range is given 
by [Torobin and Gauvin 1959]:





(iv.) 10 < Re < 3 x 10 : For higher Reynolds numbers the vortex loops are shed
rapidly [Achenbach 1974b, Sakamoto and Haniu 1990] and very little is known 
about the wake configuration quantitatively. Visualization experiments have 
shown that the far wake region continues to grow in size and produces a wave­
like motion. The schematic of the wake structure in this flow regime is shown in 
Fig. 2.1(d). The plane in which the wave oscillates has been observed to vary 
rapidly. It has been hypothesized that this rapid motion is related to the seemingly 
random shedding of the vortices from the rear of the sphere [Taneda 1956]. The 
vortex shedding in this regime has been measured by researchers in the past 
[Mujumdar and Douglas 1970, Achenbach 1974b]. Drag results have shown that 
in this range of Reynolds number the value of Co remains nearly constant, as 
shown in Fig. 2.2.
(v.) Re > 3 x 105: At Reynolds number around 3 x 105, the characteristic of the wake
changes significantly. This value is also referred as the critical Reynolds number 
in the literature. At Re ~ 3 x 105 the boundary layer becomes turbulent. This 
causes the separation point to move further downstream on the sphere surface 
(about 120°), and as a result the wake shrinks in size, as depicted in Fig. 2.1(e). It 
has been observed in previous studies [Achenbach 1972, Taneda 1978] that this
5
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phenomenon causes abrupt changes in parameters like drag coefficient and static 
pressure distribution with respect to the Reynolds number. As can be seen in 
Fig. 2.2, as the flow undergoes transition from subcritical to supercritical flow, the 
drag coefficient shows a rapid drop, the minimum value being reached at the 
critical Reynolds number. With further increase of the Reynolds number, the drag 
coefficient (Cd) slowly increases again.
100 - q
Standard Drag Curve 
Stokes' Law
lxlO '1 1x10° lx lO 1 lxlO 2 lxlO 3 lxlO 4 1x10s lx lO 6 lx lO 7
Re
Fig. 2.2: Drag coefficient of the sphere as a function of Reynolds number, after [Torobin 
and Gauvin 1959, Achenbach 1972].
The total drag on the sphere consists of skin drag and form drag (pressure drag). The skin 
drag is equal to the integral of all the shearing stresses taken over the surface of the 
sphere and the form drag is equal to the integral of the normal forces acting on the sphere. 
At very low Reynolds number flow (Re < 10) only the skin drag is present. However as 
the Reynolds number increases its contribution to the total drag starts to decline rapidly. 
In the subcritical flow regime the percentage of skin drag to the total drag decreases as
6
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Re'0 5 whilst the Cd is nearly constant [Achenbach 1972], as can be seen in Fig. 2.3. This 
figure shows the plot of fraction of skin drag to the total drag at different Reynolds 
numbers. As can be observed in the figure the contribution of the skin drag shows a 
declining trend in the subcritical region. In the critical flow range the contribution of 
friction increases strongly up to the considerable value of 12.5% as a result of the abrupt 
drop in the total drag. Subsequently the friction rate is observed to decrease again.
10 -
Re
Fig. 2.3: Fraction of skin drag to the total drag of the sphere as a function of Reynolds 
number, after [Achenbach 1972].
The effect of surface roughness on the drag of the sphere has also been studied in 
the past. In a study by Neve and Jaafar [1982] surface roughness was shown to be one of 
the parameters that influence the drag on the sphere. In another study [Achenbach 1974] 
the influence of roughness on the drag characteristics were studied in great detail. The 
range of Reynolds number considered was from 4 x 104 up to 6 x 104. Some of the 
important results obtained in the study were that in the subcritical regime the roughness 
causes the drag to decrease. Moreover the critical Reynolds number was shown to
7
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decrease with increase in roughness, due to the fact that at higher roughness the onset of 
transition from laminar to turbulent boundary layer occurs sooner. In this study the 
roughness height (k) was normalized by the sphere diameter (d). The results obtained in 
the subcritical flow regime showed that below Re= 105, normalized roughness (k/d) 
value of less than 0.005 did not cause any measurable effect on drag force.
The characteristics of the sphere wake at different Reynolds numbers, discussed 
previously, are summarized below in Table 2.1.
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2.2 Freestream Turbulence
In addition to the study of flow past a sphere in unperturbed medium some studies 
have also been conducted on turbulent flow past a sphere. In an experimental study on 
low velocity freestream turbulent flow past a sphere, Wu and Faeth [1994] characterized 
the sphere wake properties such as mean and fluctuating velocities, and found that some 
phenomena, such as fast-decaying and self-preserving turbulent wake regions, in the 
sphere wake were suppressed. Recently some work has also been reported in the 
numerical simulation of the flow past a sphere. However, due to limitation of 
computational capabilities and long processing time, most of the numerical work is 
limited to flows in lower Reynolds numbers [Johnson and Patel 1999, Mittal 2000], and 
in the presence of negligible freestream turbulence [Constantinescu and Squires 2003].
To better understand the nature of flow past a sphere, issues such as boundary 
layer development and transition, instabilities in the recirculation region [Wu and 
Faeth 1993], vortex shedding mechanism [Mujumdar and Douglas 1970, 
Achenbach 1974b, Kim and Durbin 1988, Sakamoto and Haniu 1990], drag 
force [Achenbach 1972, Kim and Durbin 1988], pressure distribution [Achenbach 1972] 
around the sphere and properties of the wake [Wu and Faeth 1993, Doh et al. 2004] need 
to be addressed. Since most applications of sphere-fluid interactions occurring in practice 
involve turbulence, therefore in order to advance our knowledge of the aforementioned 
issues, it is imperative to study the effect of freestream turbulence on each of these.
2.3 Effect of Freestream Turbulence on Drag
In the context of drag force on a sphere, the presence of turbulence tends to alter 
the dynamics behavior of the sphere. The main parameters that are known to influence 
the drag of a sphere are the turbulence characteristics such as -  level of turbulence and 
the scale of turbulence. Many researchers have published results on the drag force versus 
Reynolds number measurements by also quantifying the level of turbulence in the flow, 
mainly the turbulence intensity.
Past attempts to quantify the effect of turbulence on sphere drag included various 
types of techniques, usually involving strain gages or loadcells to measure the drag force. 
Different types of setups have been reported to study this problem. Some researchers
9
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have measured the drag forces acting on the sphere placed in a jet [Neve and 
Kotsiopoulos 1980, Neve et al. 1981, Neve and Jaafar 1982], while some have studied 
the influence of turbulence generated by flows in long pipes on sphere drag [Uhlherr and 
Sinclair 1970], and in other cases falling spheres in a stationary fluid have been used 
[Sankagiri and Ruff 1997].
Even though a lot of results have been published in this area, a lack of general 
understanding has been observed. Moreover, the results obtained by different types of 
experimental setups have sometimes reported dissimilar results. The effect of turbulence 
has been characterized by Torobin and Gauvin [1959] in a past study and is widely 
referred to in research papers. The effect of turbulence in the flow on the drag force 
experienced by the sphere has been quantified and shown in Fig. 2.4. As can be observed 
from the figure, the value of the drag coefficient alters significantly from the standard 
value in the presence of turbulence. Even at low values of turbulence intensities the value 
has been found to be quite different from the standard drag value. In addition the curves 
also show the influence of the different levels of turbulence intensities. As can be 
observed at higher value of turbulence intensities the sudden drop in the drag coefficient 
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Fig. 2.4: Drag coefficient of the sphere in the presence of freestream turbulence, after 
[Torobin and Gauvin 1959, Neve 1986].
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3. EXPERIMENTAL SETUP
3.1 Turbulent Flow in the Wind Tunnel
The work presented here was carried out in a closed loop wind tunnel. The test 
section of the tunnel is 750 mm high and 750 mm wide, with a working length of over 
4 m. The maximum attainable velocity in the empty test section was 20 m/s. In order to 
generate simple turbulence an orificed-perforated plate was placed at the entrance to the 
test section. Three different plates were used during the experiments in order to generate 
different characteristics of turbulent flow. The size of the holes, the number of holes and 
the distance between adjacent holes in each plate were varied in order to obtain different 
types of turbulent flow characteristics in the test section. The solidity ratio of the plate, 
defined as the ratio of the cumulative area of the solid portion to the total area of the 
whole section, was kept at 43% for all the three plates. All three plates were made of
6.5 mm thick aluminum sheet and had the same external dimensions (750 mm high and 
750 mm wide). Figure 3.1(a) shows the first of these plates containing holes of 25 mm 
diameter (D2 5). The second plate, shown in Fig. 3.1(b), consists of holes of 37.5 mm 
diameter (D5 7 .5 ). Finally, the third plate is shown in Fig. 3.1(c). It had holes of size 
50 mm diameter (D5 0). The specifications of the three plates are summarized in Table 3.1. 
To minimize the influence of the plate thickness on the downstream turbulent flow field, 
each hole in the plate was machined into an orifice with a 2 0 ° inclined angle.
11
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Fig. 3.1: Schematic of the perforated plates (a) Plate-£>2 5 , (b) Plate-ZOj, and (c) Plate- 
Dso­
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Table 3.1: Specifications of the three perforated plates.
Nomenclature Hole Size 
(A)




Plate-D^j D2 5 = 25 mm 36 rows and 
36 columns
750 mm x 750 mm 43% 2 0 °
Plate-Dj 7 5 D3 7 .5 = 37.5 
mm
24 rows and 
24 columns
750 mm x 750 mm 43% 2 0 °
Plate-£>50 D5 0  = 50 mm 18  rows and 
18 columns
750 mm x 7 5 0  mm 43% 20°
3.2 Sphere Setup
In order to carry out flow measurements in the wind tunnel different types of 
techniques were used to support the spheres. In the initial set of experiments the sphere 
was attached to the wind tunnel using a supporting rod. These experiments are described 
in detail in the next section. Finally experiments were carried out in which the sphere was 
attached to the wind tunnel using thin strings which are described in detail in the 
subsequent section. The salient features of these two sets of experiments are also 
summarized in Table 3.2 below.
Table 3.2: Specifications of the two sets of experiments.






1 . Sphere supported 
by rod
102 mm 5 m/s, 7.5 m/s and 




2. Sphere supported 
by Strings
102 mm 7.5 m/s X-Probe Plate-I>25,
Plate-D.3 7 5  and 
Plate-I>5 o
13
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3.2.1 Sphere Supported by Rod
The spherical specimen used in the experiment was made up of plastic, with a 
diameter, d, of 102 mm. It was supported on a 6 mm diameter aluminum rod. The rod 
was connected to the bed of the wind tunnel from the bottom, by drilling a hole in the 
wind tunnel and then clamping the rod to the hole. Measurements were conducted in 
order to quantify the symmetry of sphere position with respect to the position of the rod 
in the wind tunnel. The center of the sphere with respect to the fixed vertical rod was 
found to deviate by less than 2 mm. The schematic of the experimental setup is shown in 
Fig. 3.2. The sphere was mounted on the vertical support rod at location A, which is 
750 mm (20D) downstream from the perforated plate. Past experiments [Mohamed and 
LaRue 1990, Tresso and Munoz 2000, Guillaume and LaRue 2003, Liu et al. 2004] have 
shown that the turbulence generated by a typical perforated plate remains non-isotropic 
till a distance of 10D to 15D from the plate. On the other hand, the amount of freestream 
turbulence decays exponentially with distance from the plate. Therefore in view of these 
2 influences, the value of 20D was chosen for placing the sphere in the presence of nearly 
isotropic turbulence having reasonably high turbulence intensity. Experiments conducted 
on the sphere supported by a rod were carried out only in the presence of PlatQ-D3 7  5 and 




Fig. 3.2: Schematic of experiment layout; the sphere is supported by a rod. The sphere 
was placed in the center of Plane A. Velocity measurements were carried out in Planes B, 
C and D.
14
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Velocity measurements were obtained using a single normal hot-wire at 1125 mm 
(30Z) downstream of the perforated plate; 3.75d  from the center of the sphere), 1500 mm 
(40D downstream of the perforated plate; 1.5d from the center of the sphere) and 
1875 mm (50D downstream of the perforated plate; 112 5 d  from the center of the sphere). 
At the transverse plane in each of these locations, the velocity profile of the flow was 
measured. These measurements consisted of the instantaneous velocity of the flow in the 
streamwise (x) direction. Figure 3.3 shows the photograph of the wind tunnel test section.
Fig. 3.3: Photograph of the sphere supported by rod and the traversing system.
At the beginning of the experiment the velocity profile was measured without the 
sphere in place, in order to obtain the velocity distribution of the freestream turbulent 
flow. In addition to velocity measurements in the presence of the perforated plate, 
measurements were also conducted without the plate. For each of these setups 
measurements were conducted at nominal mean flow velocities of 5 m/s, 7.5 m/s and 
10 m/s. At each plane, velocities were measured at 19 rows by 19 columns, resulting in 
361 grid points. The points were chosen such that they were symmetric along the y  and z 
centerlines, and were 25 mm apart, in a matrix of 450 mm by 450 mm, as shown in
Fig. 3.4.
15
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Fig. 3.4: Schematic of measurement grid points. The dashed lines represent the center of 
the cross-section and the dark boundary signifies the wind tunnel wall. The sphere is 
located at the center of the section and is shown by dashed circle.
In order to check the independence of the contours with the size of the grid some 
tested were carried out. This step is necessary in order to determine the effect of the 
domain border as well as verify the use of rectilinear grid. Firstly, the contours were 
created for the whole set of the measurement grid (19 by 19 points). In the next step 2 
rows and 2 columns of the data points were removed (resulting in a grid of 17 by 17 
points) and the contours were again developed for the same set of results. This step was 
repeated once again the contours were developed for the grid of 15 by 15 points. The 
results for all these three cases are shown in Fig. 3.5. As can be observed from these 
figures, for all the cases the shape of the contours remains essentially the same. In 
addition, no major effect of the domain border is observed.
The contours shown in these figures were developed using the SURFER® 
program. The location of the measurement points and the actual value of the data point 
form the two set of inputs to the program. Based on this inputted matrix the contours 
showing the constant property lines are drawn. In order to calculate these curves the 
program uses Kriging technique. It is a method of interpolation which predicts unknown
16
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values from data observed at known locations. This method uses variogram to express the 
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Fig. 3.5: Contours for rms velocity at three cases of different number of grid points (a) 19 
by 19 points, (b) 17 by 17 points, and (c) 15 by 15 points.
The velocity measurements were carried out using a single normal hot-wire probe 
of DISA type 55P11. The hot-wire anemometer used in this experiment is a Dantec 
Streamline 55C90 CTA module installed within a Dantec 90N10 frame. The signal was 
sent to the computer via a National Instrument ATMIO-16E-10 multifunction data 
acquisition board with a 12-bit resolution at a sampling rate of 10 kHz. At each 
measurement location 262144 samples were collected. The hot-wire signal was 
compensated for small temporal variations in temperature of the flowing air.
In order to justify the number of samples collected the criteria of statistical 
independence was used. Based on this method first a sufficiently large number of data 
points were collected. Accordingly the number of data points was selected such that mean 
value of the velocity reached a saturation point. In order to obtain this limit the following 
relationship was used:
17
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The parameter, oj, is calculated for all the values of /, which ranges from 1 to N. Next, the 
plot of Oj vs. j  was created, as shown in Fig. 3.6. The criterion used for the sufficient 
number of data points was that the value of oj should reach a saturation point. Based on 
this calculation and using the fact that the number of data points has to be a multiple of 2, 
the value of 262144 was selected.
7.8





Fig. 3.6: Plot of er, as a function of j  for the case of normal probe.
3.2.2 Sphere Supported by Strings
In order to study the flow past a sphere without the influence of the supporting 
rod it was decided to attach the sphere with as low interference to the approaching flow 
as possible. Therefore with this aim in mind, in latter experiments the sphere was 
supported by thin strings. The spherical specimen used in these experiments consisted of 
a sphere, made up of plastic, with a diameter, d, of 102 mm. In order to support the 
weight of the sphere and the tension in the wires, high strength polymer strings were 
chosen to attach the sphere. The strings used were SF24G-150 model of the FUSION® 
brand, with maximum load capacity up to 120 N. The string diameter was less than 
0.5 mm and hence justified the use in this application. In order to fasten the strings to the 
sphere, four internal threaded holes were made in the sphere. Each hole had a diameter of 
9 mm and a depth of 20 mm. Matching screws were positioned inside these threaded
18
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holes to securely fasten one end of the string with the sphere. The other end of the string 




Fig. 3.7: Schematic of experiment layout; the sphere is attached by strings. The sphere 
was placed in the center of Plane A. Velocity measurements were carried out in Planes B, 
C and D. The locations of Planes A, B, C and D vary according to the plate being used. 
This figure illustrates the setup when the Plate-D^.j was used.
Figure 3.7 shows the schematic of the setup used while conducting the 
experiments on the sphere attached with strings. The schematic also clearly shows the 
direction and location at which the strings were attached to the wind tunnel walls. In 
order to make the sphere smooth the surface was polished using a Scotch® hand-pad. In 
order to quantify the roughness of the sphere surface, measurements were carried out 
using an InterRapid® surface indicator. Measurements were carried out at various 
locations on the sphere surface and the surface roughness was calculated as the mean 
value of the indicator reading (height). The surface roughness of the sphere (k) was 
estimated as 0.0625 mm (0.0025 inches) and the resolution of the instrument was 
±0.0125 mm (±0.0005 inches). The normalized value of roughness (k/d) was estimated to 
be 6.25 x \0A.
In order to prevent the interference of the flow with the shallow grooves, the 
internal threaded holes were filled with filler material and smoothened, after the screws 
had been tightened and the strings attached in place. Experiments conducted on the
19
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sphere attached by strings were carried out in the presence of all the three perforated 
plates, and are described in detail below.
The sphere was placed at a distance of 207), from the entrance of the wind tunnel, 
where the value of subscript i is 25, 37.5 and 50 for Plate-Z)2 j, Plate-Z)j7j  and Plate-jDjo 
respectively. In other words, for the case of the first plate the sphere was placed at a 
distance of 20D25  (= 500 mm) from the entrance. Similarly for the experiments conducted 
with the second and third plate, the sphere was placed at a distance of 20D3 7 5  (= 750 mm) 
and 2 OD50 (= 1 0 0 0  mm) respectively.
Velocity measurements were obtained using an X-probe hot-wire at 307), (where 
3 OD2 5  = 750 mm, 3 OD3 7 5  = 1125 mm and 30Dsn = 1500 mm), 407), (where 
AOD2 5 = 1000 mm, 4 0 7 ) 3 7 5  = 1500 mm and 4 OD5 0  = 2000 mm) and 507), (where 
507)25 = 1250 mm, 5 OD37 .5 = 1875 mm and 5 OD5 0  -  2500 mm) downstream of the 
perforated plate. At the transverse plane in each of these locations, the velocity profile of 
the flow was measured. These measurements consisted of the instantaneous velocity of 
the flow in the streamwise (x) and cross-stream (y) directions. At the beginning of the 
experiment the velocity profile was measured without the sphere in place, in order to 
obtain the velocity distribution of the freestream turbulent flow. In addition to velocity 
measurements in the presence of the perforated plate, various sets of measurements were 
also conducted without the plate. For each of these setups measurements were conducted 
at a nominal mean flow velocity of 7.5 m/s. At each plane, velocities were measured at 
19 rows by 19 columns, resulting in 361 grid points. The points were chosen such that 
they were symmetric along the y  and z centerlines, and were 25 mm apart, in a matrix of 
450 mm by 450 mm, as shown in Fig. 3.4.
The velocity measurements were carried out using an X-probe hot-wire of DISA 
type 55P15. The hot-wire anemometer used in this experiment is a Dantec Streamline 
55C90 CTA module installed within a Dantec 90N10 frame. The signal was sent to the 
computer via a National Instrument ATMIO-16E-10 multifunction data acquisition board 
with a 12-bit resolution at a sampling rate of 30 kHz. At each measurement location 
1048576 samples were collected. The hot-wire signal was compensated for small 
temporal variations in temperature of the flowing air.
20
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For the measurements of X-probe also the number of samples was determined by 
applying the criteria of statistical independence. In order to obtain this limit the 
relationship given by Eq. (3.1) is used. Based on this calculation the plot of cry vs . j  for the 
case of X-probe measurements is created and is shown in Fig. 3.8. On the basis of this 
calculation and using the fact that the number of data points has to be a multiple of 2, the 
value of 524288 samples (for each of the two probes) was selected. Hence during the X- 
probe measurements a total of 1024576 data points were collected.
7.6 -
7.2
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Fig. 3.8: Plot of as a function ofj  for the case of X-probe.
3.3 Drag Measurements
3.3.1 Loadcell Specifications
The loadcell used in this experiment is a model ELG-V-1N-L03M ENTRAN 
Loadcell. The loadcell can measure any tension or compression force that is applied on 
its surface in the vertical direction. The loadcell has a full scale reading of 1 N, and an 
over-range limit of 10N. The loadcell is connected to a model MROJHHSG Electro- 
Numerics Amplifier. The amplifier provides a 10 V excitation to the loadcell. The 
amplifier also receives the output voltage from the loadcell and sends the analog D.C. 
signal to the computer via a National Instrument ATMIO-16E-10 multifunction data 
acquisition board with a 12-bit resolution. The measurements were conducted at a
21
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sampling rate of 30 kHz and at each measurement location 524288 samples were 
collected.
3.3.2 Loadcell Setup
The schematic of the setup is shown in Fig. 3.9. The sphere is attached to the 
wind tunnel using four strings. The loadcell is firmly attached to the floor of the wind 
tunnel, at distance of 375 mm upstream of the sphere and is connected to the sphere with 
the fifth string. The loadcell is placed facing the sphere and is located in the vertical plane 
along the streamwise direction passing through the center of the sphere. The location of 
the sphere is chosen such that the string which connects it to the sphere makes an angle of 
45° with the horizontal. The aim of this setup is to indirectly obtain the drag force on the 
sphere by measuring the tension in the string, one end of which is connected to the 
loadcell. The photograph of the setup is shown in Fig. 3.10.
Sphere
375nn
Fig. 3.9: Schematic of experiment layout with drag measurements. The sphere was placed 
in the center of Plane A. Velocity measurements were carried out in Planes B, C and D. 
The locations of Planes A, B, C and D vary according to the plate being used. This figure 
illustrates the setup when the Platq-D37 5 was used.
22
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Loadcell
Fig. 3.10: Photograph of the loadcell setup; sphere supported by strings.
3.3.3 Forces Acting on the Sphere
The sketch in Fig. 3.11 shows the vector forces acting on a sphere in the wind 
tunnel. As can be seen the drag force can be expressed in terms of the tension in the 
string and the angle sustained by the string. In order to find the relationship between the 
tension in the wire and the actual drag force acting on the sphere a force balance can be 
carried out. In order to balance the forces the components in the three directions can be 
independently related as follows:
Along x-axis: Fn = T5 cos w , (3.2)
Therefore, by using Eq. (3.2) the drag force on the sphere can be related to the 
tension in the wire (Ty). In addition since the location of the loadcell is chosen such that 
the value of the angle, w, is 45°. We can substitute it in Eq. (3.2) and get the following:
Along y-axis: T3 =T4,
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Fig. 3.11: Forces balance diagram.
3.4 Data Analysis
The data samples collected by the hot-wire anemometer provided raw voltage 
values. These values were converted to the corresponding flow velocities using the 
calibration data. In addition, the temperature of the flowing air, recorded during the time 
of the experiment, was considered in making this conversion. This procedure was done 
by using a code in a MATLAB program, which gave the instantaneous velocity as output 
for each of the input sample points. Subsequently, the sample values of the instantaneous 
velocity (U) were averaged, in order to calculate the time averaged velocity (U) of the 
flow at a particular location. By taking the difference of the time averaged velocity and 
the instantaneous velocity, the instantaneous fluctuating velocity (u) was obtained. The 
root mean square (rms) velocity at a given location was then calculated by using:
where N  is the sample size. Similarly, from the signal obtained in the other direction 
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V =rms (3.5a)
f f c - r f  
t r  n - i
The relative (%) turbulence intensity (Tu) indicates the fraction of total energy of 
the flow which resides in the turbulent form. The value of relative turbulence intensity 
was obtained by the following relation:
Tu -  lOOx-
U
(3.6)
The rate at which the energy associated with the bulk motion of the fluid (kinetic 
energy) is dissipated into molecular motion (vibration energy), due to the action of 
viscosity, is defined as the energy dissipation rate (e). In order to evaluate the energy 
dissipation rate the following equation was used:
e =
15l>r d u ^
— 2 u dt
(3.7)
where v is the kinematic viscosity of air at normal ambient conditions. This equation is 
based on Taylor’s frozen turbulence hypothesis [Tennekes and Lumley 1972, 
Hinze 1975, Braun 1995, Biswas and Eswaran2002] which states that the turbulence 
eddies could be considered as merely passing through the measurement spot without 
evolution if the mean flow velocity is comparatively larger than the fluctuating velocity 
component. In order to calculate the dissipation rate (e) from discrete data points the 
above equation was discretized to:




u M - u ,
At
(3.7a)
where At is the time interval between subsequent samples.
Kolmogorov length scale {rj) signifies the size of the smallest eddies in the flow. 
Its value is closely related to the energy dissipation rate and can be deduced using:
f  3 \ 1/4u (3.8)
Integral length scale (A) represents the energy containing eddy scale. As a first 
step to estimate the integral length scale, the autocorrelation factor (p) was calculated:
25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
p .? )
u (t)
In case of discrete samples Eq. (3.9) is modified to:
j  N -m
— X ( m, xw,+J
p(mAt) = -------------  , (3.9a)
— T V 2
1
where m is varied from 0 to AM. Next the integral time scale (tj) was calculated:
ou
= . (3.10)




Finally, the integral time scale, obtained from Eq. (3.10a), was multiplied by the 
time averaged velocity corresponding to that particular location to obtain the integral 
length scale,
A = U -ta . (3.11)
Skewness factor (S) represents the degree of asymmetry of a random distribution; 
for a Gaussian distribution the value of skewness factor is zero. Flatness factor (F) 
represents the degree of peaking of a random distribution; for a Gaussian distribution the 
value of flatness factor is 3. For calculations of skewness and flatness factors the 
following standard relations [Tennekes and Lumley 1972, Kreyszig 1983, Bernard and 
Wallace 2002, Biswas and Eswaran 2002] were used:
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Reynolds stresses represent the additional stress acting on the mean field. In order to 
calculate the value of the Reynolds stresses, the following relationship was used [Bernard 
and Wallace 2002]:
= Pa,ruv • (3-14)
In case of discrete samples Eq. (3.14) is modified to:
P -14a)
In addition to turbulence parameters, such as those discussed earlier in this section, 
other flow related parameters were also calculated. The main focus of these additional 
parameters was on the energy spectra of the velocity-time series. Subsequently, the data 
set consisting of the instantaneous velocity measurement points were converted into the 
energy spectrum. This was done by taking the Fourier Transform of the velocity-time 
data set and was converted to the amplitude-ffequency domain. As a preliminary step 
towards curtailing the background turbulence, so as to enhance the clarity of the spectral 
peak, a moving-average technique was employed while calculating the Fourier transform. 
As per this scheme the velocity-time data was sub-divided into smaller number of 
sections and the Fourier transform for each one of them was calculated. Figure 3.12 
shows the steps underwent during this process. The value of n represents the number of 
subsections. The process was conducted for n = 1, 2, 4, 8 , 16 and finally for 32. Some of 
these plots obtained during this calculation are shown in the Fig. 3.12.
27
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Fig. 3.12: Plot of power spectrum for different number of sub-divided section (a) n -  1, 
(b) n = 4, (c) n = 16, and (d) n -  32.
Based on the results of the energy spectra the non-dimensional parameter, Strouhal 
number, was calculated using the following equation: 
f  dJ  maxst = u (3.15)
where the frequency (fmax) corresponds to the frequency of the spectral peak; and the 
amplitude of the peak is denoted as Amax. Subsequently the Roshko number, based on the 
shedding frequency was calculated as:
(3.16)f  d 7Ro = St-Re = ^ —
v
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4. RESULTS AND DISCUSSION
As mentioned in the previous chapters, two sets of experiments were carried out -  
in the first case the sphere was supported by the rod and in the second case the sphere 
was supported by strings. This chapter presents the results of hot-wire and loadcell 
measurements. The first section presents the hot-wire results for the experiments 
conducted with the sphere supported by the rod. The next section deals with the hot-wire 
results for the sphere supported by strings. In the subsequent section the common results 
for the two cases: rod-supported and string-supported are compared together. The fourth 
section discusses the effect of freestream turbulence on the vortex shedding behavior. 
The final section presents the results of the drag measurements.
4.1 Results of the Sphere Supported by Rod
A twofold comparison was carried out for the various turbulence parameters such 
as rms velocity, turbulence intensity, Kolmogorov length scale, for different values of 
mean flow velocity (5 m/s, 7.5 m/s and 10 m/s), at different locations (10D, 20D, and 
30£>) downstream of the sphere (which can be expressed in terms of the sphere diameters 
as 3.75d, 1.5d and 11.25d  downstream from the center of the sphere), in order to 
comprehend the effects of Reynolds numbers (3.3 x 104, 5 x 104  and 6 . 6  x 104) and 
distance on the behavior of the wake. This study also examines the difference in the wake 
characteristics, in terms of the turbulence parameters, caused by the presence of 
perforated plate.
4.1.1 Time Averaged Velocity (U)
Figure 4.1 shows the plot of centerline time averaged velocity measured at the 
three locations downstream of the sphere at three different mean flow velocities. 
Figure 4.2 shows the corresponding time averaged velocity contours for without and with 
the perforated plate conditions respectively at the 40D (= 7.5d  downstream of the sphere) 
location. As expected, the plot shows that for all the six conditions represented in the 
figure, the time averaged velocity at the center point of the plane is slightly lower than 
the mean flow velocity. This observation is similar to the results obtained by Doh et
29
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al. [2004] who measured the instantaneous flow velocity in the wake of a sphere using 
3D-PTV technique. In general the centerline average velocity deficit is most significant 
in the near wake, and it reduces as we move further downstream. The details of the 
velocity distribution across the measurement plane can be analyzed by observing Fig. 4.2.
A detailed calculation for the uncertainty in time averaged velocity is carried out 
and is presented in the appendix. The maximum uncertainty in the value of time averaged 
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Fig. 4.1: Variation of time averaged velocity (m/s) with mean flow velocity at the center 
of the measurement plane, downstream of the sphere. The typical error bars are shown for 
just one point in order to preserve clarity in the plots. The symbols used in the plots are as 
follows, A: with plate, Probe at 30D (3.75c/ downstream from the center of the sphere); □: 
with plate, Probe at 40D (7.5d  downstream from the center of the sphere); +: with plate, 
Probe at 50Z) (11.25c/ downstream from the center of the sphere); V : without plate, Probe 
at 30D (3.75d  downstream from the center of the sphere); 0 : without plate, Probe at 40D 
(7.5d  downstream from the center of the sphere) and x : without plate, Probe at 50D 
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Fig. 4.2: Contours of time averaged velocity (m/s) at 40D downstream from the wind 
tunnel entrance (= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without 
perforated plate, (b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d)
7.5 m/s with perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with 
perforated plate.
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.1.2 Root Mean Square (rms) Velocity (urms) and Relative Turbulence Intensity 
(Tu)
Figures 4.3 and 4.5 show the behavior of the rms velocity. Corresponding features 
for the relative (%) turbulence intensity are shown in Figs. 4.4 and 4.6. As may be 
observed from Fig. 4.3, for the points corresponding to 30D (= 3.75d  downstream of the 
sphere) the value of rms velocity has a slightly higher value when the plate is not present. 
The corresponding values for turbulence intensity, shown in Fig. 4.4, suggest a similar 
trend for turbulence intensity too. These features can be qualitatively compared with the 
results of Mujumdar and Douglas [1970], who conducted measurements on the vortex 
shedding from a sphere in the presence of freestream turbulence. Their measurements 
clearly show that in the presence of the plate the strength of the vortex shedding signal is 
considerably reduced. This point, along with the direct velocity measurements in the 
present study, seems to indicate the possibility that the freestream turbulence leads to a 
reduction in the vortex shedding mechanism. Hence the level of energy associated with 
velocity fluctuation is not as high as in the case when there is negligible freestream 
turbulence.
However the center values for the other two locations, i.e. 40D (=7.5d  
downstream of the sphere) and 50D (= 11.25c/ downstream of the sphere), do not show a 
higher value of rms velocity when the plate is not present, as can be seen in Fig. 4.3. The 
reason this effect is not manifested in the results for the locations further away from the 
sphere may be attributed to the fact that this difference is expected to reduce considerably 
with distance due to the evolution of organized large structures into turbulence and the 
decay in turbulence. As a consequence it is much more difficult to be detected 
experimentally.
Another interesting observation, from Figs. 4.3 and 4.4, is that the difference in 
the values of urms and Tu between the 30D (= 3.75J downstream of the sphere) and 40D 
(= 7.5c/ downstream of the sphere) locations are much larger compared to the 40D (= 7.5c/ 
downstream of the sphere) and 50D (= 11.25c? downstream of the sphere) locations. This 
fact clearly shows the effects of the exponential decay law, according to which, in 
absence of additional energy input to create eddies, the turbulence dies down 
exponentially with distance traveled. This result is also confirmed by the experimental
32
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evidence from the setup where the plate is not present (when there is no freestream 
turbulence present in the mean flow). The curve for turbulence intensity, Fig. 4.4, shows 
a gradual negative slope for all the six conditions, indicating that the relative turbulence 
intensity reduces with the increase in mean flow velocity. The maximum uncertainties in 
the value of rms velocity and turbulence intensity are found to be approximately 9% and 
11% respectively. The detailed calculations for the uncertainties in rms velocity and 
turbulence intensity are shown in the appendix.
Contours for rms velocity (Fig. 4.5) and turbulence intensity (Fig. 4.6) show that 
in the presence of the sphere, the highest value of turbulence occurs in the vicinity of the 
wake. This is attributable to the irregular vortex shedding taking place in the wake behind 
the sphere. Such a mechanism has lead to higher levels of vorticity being discharged into 
the downstream flow, causing the turbulence level to increase in the wake of the sphere. 
As has been observed qualitatively in past experiments both using the visualization 
technique [Magarvey and Bishop 1961, Magarvey and MacLatchy 1965, Taneda 1978, 
Ormieres and Provansal 1999] and direct velocity measurements [Wu and Faeth 1994, 
Doh et al. 2004], the transfer of vorticity into the wake occurs immediately downstream 
of the sphere. Similar observations were made for the relative turbulence intensity.
Analysis of the contours for rms velocity and turbulence intensity at different 
locations downstream of the sphere shows a gradual increase in the extent of the sphere 
wake with distance. This result is consistent with the visual observations of 
Taneda [1978], where the wake of the sphere is shown to slightly grow in size with 
distance downstream. Also, the small effect of the wake generated by the supporting rod 
is visible in the bottom half of Figs. 4.5 and 4.6. As can be observed from these figures 
the wake from the rod does not seem to significantly affect the main sphere wake.
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Fig. 4.3: Variation of rms velocity (m/s) with mean flow velocity at the center of the 
measurement plane, downstream of the sphere. The typical error bars are shown for just 
one point in order to preserve clarity in the plots. The symbols used in the plots are as 
follows, A: with plate, Probe at 30D (3.75c/ downstream from the center of the sphere); □: 
with plate, Probe at 40D (7.5d  downstream from the center of the sphere); +: with plate, 
Probe at 50D (11.25c/ downstream from the center of the sphere); V : without plate, Probe 
at 30D (3.75d  downstream from the center of the sphere); 0 : without plate, Probe at 40D 
(7.5c/ downstream from the center of the sphere) and x : without plate, Probe at 50D
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Fig. 4.4: Variation of relative turbulence intensity (%) with mean flow velocity at the 
center of the measurement plane, downstream of the sphere. The symbols are as 
explained in the caption of Fig. 4.3.
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Fig. 4.5: Contours of rms velocity (m/s) at 40D downstream from the wind tunnel 
entrance (= 7.5d downstream of the sphere) at Umean of (a) 5 m/s without perforated plate, 
(b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d) 7.5 m/s with 
perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with perforated plate.
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Fig. 4.6: Contours of relative turbulence intensity (%) at 40D downstream from the wind 
tunnel entrance (= 1.5d downstream of the sphere) at Umean of (a) 5 m/s without 
perforated plate, (b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d)
7.5 m/s with perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with 
perforated plate.
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4.1.3 Energy Dissipation Rate (s)
The behavior of the energy dissipation rate is shown in Figs. 4.7 and 4.8. As can 
be clearly seen from Fig. 4.7 the points corresponding to 30D (= 3.75 d  downstream of the 
sphere) are much higher than those further downstream. This fact again reinforces the 
principles of exponential decay law. Also for the same condition (i.e. 30D) the points 
corresponding to the case without the perforated plate show a higher dissipation rate than 
those when the plate is present. Generally, it can be observed from Fig. 4.8 that the wake 
behind the sphere consists of strong fluctuations due to the continuous vortex shedding 
taking place just downstream of the sphere. A higher rate of energy is supplied for 
dissipation for the case when the plate is not present since a higher level of turbulence 
causes more energy to reside in the turbulent component of kinetic energy. The maximum 
uncertainty in the value of energy dissipation rate is approximately 22%, based on the 
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Fig. 4.7: Variation of energy dissipation rate (m /s ) with mean flow velocity at the center 
of the measurement plane, downstream of the sphere. The symbols used in the plots are 
as follows, A: with plate, Probe at 3 0D (3.7 5 d  downstream from the center of the sphere); 
□: with plate, Probe at 40D (7.5d  downstream from the center of the sphere); +: with 
plate, Probe at 50D (11.25 d  downstream from the center of the sphere); V : without plate, 
Probe at 30D (3.75c/ downstream from the center of the sphere); 0 : without plate, Probe 
at 40D (7.5d  downstream from the center of the sphere) and x : without plate, Probe at 
50D (11.25d  downstream from the center of the sphere).
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Fig. 4.8: Contours of energy dissipation rate (m2/s3) at 40D downstream from the wind 
tunnel entrance (= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without 
perforated plate, (b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d)
7.5 m/s with perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with 
perforated plate.
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4.1.4 Kolmogorov Length Scale (tj)
Figures 4.9 and 4.10 show the behavior of the Kolmogorov length scale at various 
conditions. According to Eq. (3.8), the Kolmogorov length scale is inversely proportional 
to the 4th root of energy dissipation. Therefore at locations of high energy dissipation 
(high turbulence) the Kolmogorov length scale is small and vice versa. The higher level 
of turbulence in the wake of the sphere has driven the energy cascade to continue to 
provide dissipative energy to a very small scale; hence the Kolmogorov length is reduced 
in the wake of the sphere (Fig. 4.10). This agrees with the past study by Wu and 
Faeth [1994], which shows a correspondingly higher rms velocity, indicating the 
presence of a lower value of Kolmogorov length scale in the wake of the sphere. Also, 
the trend observed in Fig. 4.9 indicates a reduction in the value of the Kolmogorov scale 
with increase in mean flow velocity. Even though at higher flow velocity relative 
turbulence intensity has decreased slightly, the value of the energy dissipation rate is 
high, as seen from Fig. 4.7, since the effective rms velocity is increased. The same effect 
is manifested in the form of decreasing value of Kolmogorov scale with increasing 
velocity, implying the turbulence has enough energy to propagate even at lower scales.
The maximum uncertainty in the value of Kolmogorov length scale is 
approximately 6%; see calculations in the appendix. Qualitatively this value can be 
justified since it is known that the Kolmogorov length scale depends on the inverse 4th 
root of energy dissipation rate, and as expected the value of its uncertainty should be 
much smaller compared to the uncertainty in dissipation rate.
39
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Fig. 4.9: Variation of Kolmogorov length scale (mm) with mean flow velocity at the 
center of the measurement plane, downstream of the sphere. The symbols used in the 
plots are as follows, A: with plate, Probe at 30D (3.75c/ downstream from the center of 
the sphere); □: with plate, Probe at 40D (7.5c/ downstream from the center of the sphere); 
+: with plate, Probe at 50D (11.25c/ downstream from the center of the 
sphere); V : without plate, Probe at 30D (3.75d  downstream from the center of the 
sphere); 0 : without plate, Probe at 40D (7.5c/ downstream from the center of the sphere) 
and x : without plate, Probe at 50D (11.25c/ downstream from the center of the sphere).
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Fig. 4.10: Contours of Kolmogorov length scale (mm) at 40D downstream from the wind 
tunnel entrance (= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without 
perforated plate, (b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d)
7.5 m/s with perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with 
perforated plate.
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4.1.5 Integral Length Scale (A)
Integral length scale represents the scale of the energy containing eddies. The 
behavior of the integral length scale is shown in Figs. 4.11 and 4.12. The contours of 
integral length scale which are very far from the sphere are not calculated for the case 
when no plate is present due to the high processing time involved in its calculation. This 
is due to the fact that the turbulent flow significantly away from the sphere remains 
relatively undisturbed by the wake of the sphere, and therefore has a very large integral 
length.
As can be seen in Fig. 4.11, the overall trend of integral length data remains 
scattered around the 30 mm mark. The plot shows that for some of the cases the integral 
length scale displays an increasing trend with mean flow velocity. Nevertheless, it is 
difficult to draw any strong conclusion based on these observations. This unusual 
behavior may be due to the fact that for the integral length scale the centerline value 
perhaps does not represent the most significant value, as discussed in detail below.
Detailed observation of the contours presented in Fig. 4.12 underlines an 
interesting fact. As can be clearly seen for all the conditions shown, the maximum value 
of the integral length in the measurement planes does not occur in the center but near the 
boundary of the sphere. The shape of the contour also showed a rotational symmetry in 
the azimuthal plane.
Interestingly, unlike the turbulence parameters discussed previously, the contours 
of integral length scale, Fig. 4.12, do not show any effect of the presence of the 
supporting rod. It seems that this is due to the dimension of the rod being much smaller 
than the freestream integral length scale. The maximum uncertainty in the value of 
integral length scale is approximately 27%. The detailed calculations are shown in the 
appendix.
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Fig. 4.11: Variation of integral length scale (mm) with mean flow velocity at the center of 
the measurement plane, downstream of the sphere. The typical error bars are shown for 
just one point in order to preserve clarity in the plots. The symbols used in the plots are as 
follows, A: with plate, Probe at 30D (3.75c/ downstream from the center of the sphere); □: 
with plate, Probe at 40D (7.5c/ downstream from the center of the sphere); +: with plate, 
Probe at 50 D (112 5d  downstream from the center of the sphere); V : without plate, Probe 
at 30D (3.75c/ downstream from the center of the sphere); 0 : without plate, Probe at 40 D 
(7.5c/ downstream from the center of the sphere) and x : without plate, Probe at 50D 
(11.25c/ downstream from the center of the sphere).
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Fig. 4.12: Contours of integral length scale (mm) at 40D downstream from the wind 
tunnel entrance (= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without 
perforated plate, (b) 5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d)
7.5 m/s with perforated plate, (e) 10 m/s without perforated plate, and (f) 10 m/s with 
perforated plate.
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4.1.6 Skewness (S) and Flatness factors (F)
Figures 4.13 and 4.15 show the behavior of the skewness factor. As can be seen 
from Fig. 4.13, for the case when the perforated plate is present, the centerline values are 
more or less constant and have values close to zero. On the other hand when the plate is 
not present the skewness factor shows a relatively large negative value.
The behavior of flatness factor is shown in Figs. 4.14 and 4.16. The plot in 
Fig. 4.14 shows that the flatness factor values are scattered near the value of 3. On the 
other hand when the plate is not present the values are larger than 3 for all the cases. In 
addition we can observe that with decrease in Reynolds number this deviation tends to 
increase. This observation is similar to the one for skewness factor, mentioned above, 
indicating that both these factors show a similar characteristic trend.
Experiments conducted in the empty test section (without the sphere) have shown 
that both skewness and flatness factors followed uniform behavior throughout the plane. 
Moreover both factors have shown very close values corresponding to the ideal Gaussian 
random distribution, for which S = 0 and F=  3. In the empty test section (without the 
sphere), the perforated plate produces most of the freestream turbulence. It is probable 
that due to the continuous dissipation of energy downstream of the plate, the turbulence 
scales are able to lose their memory and hence follow a random behavior. However the 
contours in Figs. 4.15 and 4.16 clearly show that in the wake boundary region, the values 
of skewness and flatness factors are significantly deviant from ideal Gaussian behavior. 
Hence, the fluctuations generated in the wake of the sphere, mainly due to the shedding 
of the organized vortices at the end of the sphere, are still non-random. This is possibly 
due to the fact that the energy cascade had been redistributed and vortex-turbulence 
interaction had not reached ‘Gaussian Equilibrium’. Moreover it can be observed from 
the contours that for the case when no plate is present the values of flatness and skewness 
factors are undoubtedly much more deviant from the Gaussian behavior than that with the 
plate present. This observation reinforces the possibility that the presence of freestream 
turbulence interferes with the organized vortex shedding process in the wake of the 
sphere. The maximum uncertainty in the value of skewness and flatness factors as given 
in the appendix is approximately 17% and 2 2 % respectively.
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Fig. 4.13: Variation of skewness factor with mean flow velocity at the center of the 
measurement plane, downstream of the sphere. The symbols used in the plots are as 
follows, A: with plate, Probe at 30D {2.15d  downstream from the center of the sphere); □: 
with plate, Probe at 40D (1.5d downstream from the center of the sphere); +: with plate, 
Probe at 50D  (11.25d  downstream from the center of the sphere); V : without plate, Probe 
at 30D (3.75d  downstream from the center of the sphere); 0 : without plate, Probe at 40£> 
(7.5d  downstream from the center of the sphere) and x : without plate, Probe at 50D 
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Fig. 4.14: Variation of flatness factor with mean flow velocity at the center of the 
measurement plane, downstream of the sphere. The symbols are as explained in the 
caption of Fig. 4.13.
46




















































•200 I ! A ( Q , , ,  ,


























-200 -150 -100 -50 0 50 100 150 200
Y-Axis (mm)
Fig. 4.15: Contours of skewness factor at 40D downstream from the wind tunnel entrance 
(= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without perforated plate, (b) 
5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d) 7.5 m/s with 
perforated plate, (e) 1 0  m/s without perforated plate, and (f) 1 0  m/s with perforated plate.
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Fig. 4.16: Contours of flatness factor at 40D downstream from the wind tunnel entrance 
(= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without perforated plate, (b) 
5 m/s with perforated plate, (c) 7.5 m/s without perforated plate, (d) 7.5 m/s with 
perforated plate, (e) 1 0  m/s without perforated plate, and (f) 1 0  m/s with perforated plate.
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4.2 Results of the Sphere Supported by Strings
The results obtained for the sphere supported by strings are presented in this 
section. Three different perforated plates were used during the experiments in order to 
observe the influence of the turbulence level and scale on the wake parameters.
4.2.1 Time Averaged Velocities (U and V)
Figure 4.17 shows the stream wise time averaged velocity without and with the 
perforated plate conditions at the 40D location. As can be observed for all four plots 
presented in the figure, the value of time averaged velocity shows a lower value at the 
center point of the measurement plane. This observation is similar to that shown in the 
previous sections.
The contours for the cross-stream time averaged velocity are shown in Fig. 4.18. 
In all the plots shown in the figure the value of the velocity is very small as compared to 
the streamwise velocity. This due to the fact there is no bulk motion of the fluid in the 
cross-stream direction.
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Fig. 4.17: Contours of streamwise time averaged velocity (m/s) at Umean of 7.5 m/s at a 
distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate- 
D2 5 (at 5d  downstream from the center of the sphere), (c) with Plate-D3 7  J (at 1.5d 
downstream from the center of the sphere), and (d) with Plate-D^ (at 10d  downstream 
from the center of the sphere).
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Fig. 4.18: Contours of cross-stream time averaged velocity (m/s) at Umean of 7.5 m/s at a 
distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5 d  downstream from the center of the sphere), (b) with Plate- 
D2 5 (at 5d  downstream from the center of the sphere), (c) with Plate-£>3 7 .j (at 7.5d 
downstream from the center of the sphere), and (d) with Plate-£>5 o (at 10d  downstream 
from the center of the sphere).
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4.2.2 Root Mean Square (rms) Velocities (urms and vrms) and Relative Turbulence 
Intensity (Tu)
Figures 4.19 and 4.20 show the contours for the streamwise and cross-stream root 
mean square velocity respectively. As can be observed from these plots, in the presence 
of the perforated plates the value of rms velocity tends to decrease, which is consistent 
with previously obtained results using the normal hot-wire probe with the sphere 
supported by the rod.
In addition to the measurements in the wake of the sphere, measurements were 
also carried out in the empty test section (without the sphere). Based on those results it 
was observed that in the range of experiments conducted the value of the rms velocities 
in the streamwise and cross-stream directions were quite close. These values were found 
to be within 5% of each other. In other words the level of isotropy was desirable. From 
Figs. 4.19 and 4.20 it can be observed that even in the wake of the sphere these values are 
quite close to each other. Such behavior is seen for all three plates.
Figure 4.21 shows the contours for the streamwise turbulence intensity. These 
plots also show that in all the cases the value of relative turbulence decreases away from 
the center of the cross-section. Moreover the value of the turbulence intensity away from 
the sphere has the lowest value for the no-plate case. The plots for the cross-stream 
turbulence intensity are not included. Since the value of the cross-stream time average 
velocity is very small, the value of the turbulence intensity in the cross-stream direction 
has a very high value mathematically and because of the very small mean flow, the 
uncertainty associate with it is very high.
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Fig. 4.19: Contours of streamwise rms velocity (m/s) at Umecm of 7.5 m/s at a distance of 
40D downstream from the wind tunnel entrance for the following cases (a) without 
perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate-D^ (at 
5d  downstream from the center of the sphere), (c) with P la te -D ^  (at 1.5d downstream 
from the center of the sphere), and (d) with PlatQ-D50 (at 10d  downstream from the center 
of the sphere).
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Fig. 4.20: Contours of cross-stream rms velocity (m/s) at Umean of 7.5 m/s at a distance of 
40D downstream from the wind tunnel entrance for the following cases (a) without 
perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate-Z)^ (at 
5d  downstream from the center of the sphere), (c) with PlatQ-D3 7 5  (at 7.5d  downstream 
from the center of the sphere), and (d) with Plate-Z)jo (at 10d  downstream from the center 
of the sphere).
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Fig. 4.21: Contours of streamwise relative turbulence intensity (%) at Umean of 7.5 m/s at 
a distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate- 
D25 (at 5d  downstream from the center of the sphere), (c) with Plate-£>3 7 .5  (at 7.5d 
downstream from the center of the sphere), and (d) with Plate-Z)^ (at 10d  downstream 
from the center of the sphere).
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4.2.3 Energy Dissipation Rate (s)
The characteristics of the energy dissipation rate in the wake of a sphere are 
shown in Fig. 4.22. These plots show results similar to the previous section. The value of 
the energy dissipation rate tends to decrease away from the sphere. This trend is much 
clearer in Figs. 4.22(a) and 4.22(b) compared to the subsequent two figures.
4.2.4 Kolmogorov Length Scale (tj)
Figure 4.23 shows the trends of the Kolmogorov length scale in the wake of a 
sphere. These plots also display a characteristic similar to the plots of the energy 
dissipation rate. However the difference in this case is that the value tends to increase 
away from the sphere.
4.2.5 Integral Length Scale (A)
The behavior of the integral length scale is shown in Fig. 4.24. For the 
experiments when no plate was used the contours of integral length scale that are very far 
from the sphere are not calculated due to the high processing time involved in its 
calculation. This is due to the fact that the turbulent flow significantly away from the 
sphere remains relatively undisturbed by the wake of the sphere, and therefore has a very 
large integral length.
The plots shown in Fig. 4.24 present some interesting results. As can be seen in 
all the plots, the shapes of the contours show a rotational symmetry in the azimuthal 
plane. Also, the value of the integral length scale away from the sphere show a gradual 
increasing trend across the three plates. For example, Fig. 4.24(b), which corresponds to 
the results for the first plate (D = 25 mm), shows a value of approximately 30 mm at the 
contour furthest away from the sphere. In the next plot, which corresponds to the second 
plate (D = 37.5 mm), this value increases to a value of 35 mm. Finally, the results for the 
third plate (D = 37.5 mm), shown in Fig. 4.24(d), the value of the integral length scale 
furthest from the sphere is 60 mm.
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Fig. 4.22: Contours of streamwise energy dissipation rate (m Is ) at Umean of 7.5 m/s at a 
distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5 d  downstream from the center of the sphere), (b) with Plate- 
D25  (at 5d  downstream from the center of the sphere), (c) with Plate-Djz.j (at 7.5d 
downstream from the center of the sphere), and (d) with Plate-Djo (at 1 0 d  downstream 
from the center of the sphere).
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Fig. 4.23: Contours of streamwise Kolmogorov length scale (mm) at Umean of 7.5 m/s at a 
distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate- 
D25 (at 5d  downstream from the center of the sphere), (c) with Plate-D .3 7 5  (at 7.5d 
downstream from the center of the sphere), and (d) with Plate-D^ (at 10d  downstream 
from the center of the sphere).
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Fig. 4.24: Contours of streamwise integral length scale (mm) at Umean of 7.5 m/s at a 
distance of 40D downstream from the wind tunnel entrance for the following cases (a) 
without perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate- 
D25 (at 5d  downstream from the center of the sphere), (c) with Plate-Djzj (at 1.5d 
downstream from the center of the sphere), and (d) with Plate-Djo (at \0d  downstream 
from the center of the sphere).
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4.2.6 Skewness (S) and Flatness factors (F)
The characteristics of the skewness and flatness factors are shown in Figs. 4.25 
and 4.26 respectively. As observed in the previous section also, the value of skewness 
factor remains close to zero, in the region away from the sphere for both with and without 
plate cases. Moreover, all the plots in Fig. 4.25 show that the largest deviation of the 
skewness factor from the ideal Gaussian’ value occurs near the periphery of the sphere. 
The results for the flatness factor plots, shown in Fig. 4.26, also show similar results. For 
example, in the region away from the sphere, the value of flatness factor is very close to 
3. As we approach the periphery of the sphere these values tend to increase. Interestingly, 
as observed in the previous section, the maximum deviation of the flatness factor occurs 
for the case when the perforated plate is not present. This is evident from the plot 
presented in Fig. 4.26(a), which shows it has the largest values as compared to the other 
three cases.
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Fig. 4.25: Contours of streamwise skewness factor at Umean of 7.5 m/s at a distance of 
40D downstream from the wind tunnel entrance for the following cases (a) without 
perforated plate (at 5d  downstream from the center of the sphere), (b) with Plate- £ > 2 5  (at 
5d  downstream from the center of the sphere), (c) with P la te -D ^  (at 1.5d downstream 
from the center of the sphere), and (d) with Plate-Z^ (at \0d  downstream from the center 
of the sphere).
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Fig. 4.26: Contours of flatness factor at Umean of 7.5 m/s at a distance of 40D downstream 
from the wind tunnel entrance for the following cases (a) without perforated plate (at 5 d 
downstream from the center of the sphere), (b) with Plate-D^ (at 5d  downstream from the 
center of the sphere), (c) with Plate-Djzj (at 1.5d downstream from the center of the 
sphere), and (d) with Plate-Djo (at 10d  downstream from the center of the sphere).
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4.2.7 Reynolds Stress (Rf)
Reynolds stresses represent the additional stress due to the turbulence acting on 
the mean field. Usually it is represented as a tensor involving the fluctuating velocity 
components in all the three directions. However, in the present study only the relationship 
between the streamwise and cross-stream components was considered. The relationship 
shown in Eq. (3.14) was used to calculate the Reynolds stress. Experiments conducted in 
the empty test section showed that the value of the Reynolds stress in unperturbed flow is 
close to 0 .
Figure 4.27 shows the contours for the Reynolds stress. As can be observed from 
these plots, the value of Reynolds stress tends towards 0 in the regions that are away from 
the sphere. However, in the vicinity of the sphere some interesting trends can be 
observed. For example, in all the plots both negative and positive value of the Reynolds 
stress can be observed. Moreover in Figs. 4.27(a) and 4.27(b) there appear to be two 
distinctly clear regions of the positive and negative stresses. Such contours are also 
present in the other two cases, Fig. 4.27(c) and 4.27(d) although with less clarity. One of 
the indications for such a behavior can be attributed to the alternate and opposite 
shedding of vortices from the sphere. In past studies on flow past a sphere it has been 
observed, at low Reynolds number flows, that the shedding of the vortices alternates 
around the rear of the sphere. Although at much higher Reynolds number this process is 
expected to become less regular, mainly due to the angular variation in the location of the 
vortex shedding, nevertheless the process of periodic shedding is expected to continue.
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Fig. 4.27: Contours of Reynolds stress (N/m ) at Umean of 7.5 m/s at a distance of 40D 
downstream from the wind tunnel entrance for the following cases (a) without perforated 
plate (at 5d  downstream from the center of the sphere), (b) with Plate-D^j (at 5d 
downstream from the center of the sphere), (c) with P la te-D ^ (at 7.5d  downstream from 
the center of the sphere), and (d) with Plate-Djo (at 10d  downstream from the center of 
the sphere).
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4.3 Comparison of the Results for Rod-Supported Sphere and String-Supported 
Sphere
In this section the results of the rod-supported sphere and the string-supported 
sphere are discussed. The figures for both these results are already shown in the 
preceding sections. The turbulence parameter common to both these cases (streamwise 
time averaged velocity, rms velocity, relative turbulence intensity, energy dissipation 
rate, Kolmogorov length scale, integral length scale, skewness factor and flatness factor) 
are compared together and discussed. The discussion focuses on the common set of 
measurements for both the cases; conducted in the presence of Plate-D .3 7 5  at mean flow 
velocity of 7.5 m/s, at the plane 40£> downstream from the perforated plate (7.5c/ 
downstream from the center of the sphere).
4.3.1 Time Averaged Velocity (U)
Figures 4.2(d) and 4.17(c) show the contours of time averaged velocity for the 
case of rod-supported sphere and string-supported sphere respectively. Both these figures 
show the velocity deficit at the center of the measurement plane. For the rod-supported 
case, shown in Fig. 4.2(d), the wake of the supporting rod is visible in the bottom half of 
the figure. In the case of the sting-supported sphere the figure shows that the wakes of the 
stings do not have a significant effect. As can be observed from both figures, the velocity 
distributions in both cases show an increasing trend away from the sphere.
4.3.2 Root Mean Square (rms) Velocity (urms) and Relative Turbulence Intensity 
(7k )
Figures 4.5(d) and 4.19(c) show the contours of rms velocity for the same 
measurement conditions for the rod-supported and string-supported cases. In both these 
figures, the maximum value of rms velocity occurs near the center region and the value 
gradually decreases away from the sphere. The shape of the contours for the rod- 
supported case, shown in Fig. 4.5(d), show the effects of the supporting rod in the bottom 
half of the figure. On the other hand in the case of the string-supported case no such 
effect is observed. The values of rms velocity for both the figures are quite close to each 
other. In both cases the value of rms velocity in the region far away from the sphere is
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about 0.34 m/s. The contours for relative turbulence intensity for the two cases, which 
can be compared together in Figs. 4.6(d) and 4.21(c), also show characteristics similar to 
the rms velocity. The maximum value in both cases occurs near the center and the value 
gradually tends to decrease away from the center. The value of relative turbulence 
intensity far away from the sphere in both cases is about 4.5%
4.3.3 Energy Dissipation Rate (e)
The contours of energy dissipation rate for the rod-supported and string-supported 
cases can be compared together in Figs. 4.8(d) and 4.22(c). The contours for rod- 
supported case show the highest value of energy dissipation rate at the center of the plane 
and a decreasing tendency away from the sphere, with a value of about 1 . 2  m2 /s3 in the 
region far away from the sphere. However, the contours for the string-supported case 
show different trends. As can be observed in Fig. 4.22(c) the region where the maximum 
value of energy dissipation occurs is at some distance away from the center of the sphere. 
At the region of highest dissipation the value shown is about 7 m2 /s3.
4.3.4 Kolmogorov Length Scale (tj)
In order to compare the contours of Kolmogorov length scale for the rod- 
supported and string-supported cases, Figs. 4.10(d) and 4.23(c) can be examined. The 
contours for the rod-supported case show that the lowest value of Kolmogorov length 
scale occurs near the center of the measurement plane, which corresponds to the region of 
high turbulence. The value of Kolmogorov scale shows an increasing trend away from 
the sphere and as shown in Fig. 4.10(d) reaches a value of about 0.24 mm in the region 
far away from the sphere. Due to the presence of the supporting rod, the contours in the 
bottom half of the figure also shows the effect of the wake generated by the rod. The 
contours of Kolmogorov length scale for the string-supported case as shown in 
Fig. 4.23(c). As can be observed from this figure the lowest value of the Kolmogorov 
length scale is about 0.16 mm. The region far away from the sphere shows higher value 
of Kolmogorov length scale (about 0.2 mm).
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4.3.5 Integral Length Scale (A)
The contours of integral length scale for the rod-supported and sting-supported 
cases can be compared together in Figs. 4.12(d) and 4.24(c) respectively. As can be 
observed in both figures the value of integral length scale in the region far away from the 
sphere reaches a value close to the integral length scale of the freestream flow -  about 
40 mm for the rod-supported case and about 35 mm for the string-supported case. In 
addition, both figures show that the highest value of integral length scale does not occur 
near the center of the plane; instead the peak occurs near the periphery of the sphere. 
Although the contours in these figures show similar shapes, there is difference in the 
maximum value. In the case of the rod-supported sphere the highest value is about 
280 mm, whereas for the string-supported case the corresponding value is about 120 mm. 
As can be observed for the rod-supported case, shown in Fig. 4.12(d), the effect of the 
supporting rod is not visible. This is probably due to the fact that the dimension of the rod 
is much smaller than the freestream integral length scale.
4.3.6 Skewness (S) and Flatness factors (F)
Figures 4.15(d) and 4.25(c) show the contours of skewness factor for the rod- 
supported and string-supported cases respectively. The trends shown in both figures are 
quite similar. For instance, in both cases the lowest values of skewness factor are very 
close and occur near the periphery of the sphere. For the rod-supported case the lowest 
value is about -1.4 and the corresponding value for the string-supported case is about 
-1.3. In addition, the value of skewness factor in the region far away from the sphere is 
close to zero in both cases.
The contours for flatness factor for the rod-supported and string-supported case 
can be compared together in Figs. 4.16(d) and 4.26(c) respectively. The contours for the 
rod-supported case show that the highest value of the flatness factor occurs at the 
periphery of the sphere and has a value of about 9.5. The contours for the string- 
supported case also show that the highest value of flatness factor (about 11) does not 
occur near the center of the plane and instead occurs near the periphery of the sphere. For 
both these case it can be observed that the region far away from the sphere shows the 
lowest value.
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4.4 Vortex Shedding From a Sphere
The results for the vortex shedding characteristics, obtained from the Fourier 
analysis of the instantaneous velocity-time series, are discussed in detail in this section. 
These results correspond to the measurements conducted using the normal hot-wire probe 
on the sphere attached by a rod.
4.4.1 Energy Spectra
Figure 4.28 shows the plot of power spectra for the different flow conditions at 
which measurements were carried out at 30D. The plots shown in this figure correspond 
to the data collected at the point where the spectral peak is most dominant. 
Figure 4.28(a), which shows the power spectrum for the case when the mean flow 
velocity was 5 m/s and the plate was not present, indicates the presence of a spectral peak 
at a frequency slightly less than 10 Hz. Similar spectral peaks may also be observed in 
Figs. 4.28(c) and 4.28(e), which show the power spectra for without the plate case at a 
mean flow velocity of 7.5 m/s and 10 m/s respectively. These two plots show the spectral 
peaks at frequencies of approximately 15 Hz and 20 Hz.
For the case when the plate is present, the power spectrum at a mean flow velocity 
of 5 m/s is shown in Fig. 4.28(b). As can be observed from this plot, unlike the 
previously discussed ‘without plate’ plots, no distinct peak can be identified for this 
condition. It may be possible that due to the presence of freestream turbulence in the 
flow, the strength of vortex shedding for this case has been attenuated. This analysis 
agrees qualitatively with the results of Mujumdar and Douglas [1970] who observed that 
the strength of vortex shedding signal showed a tendency to decrease in the presence of 
freestream turbulence. Further, it can be said that a similar trend is also displayed by the 
other 2 ‘with plate’ plots, shown in Figs. 4.28(d) and 4.28(f).
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Fig. 4.28: Plot of power spectrum at 30D downstream from the wind tunnel entrance 
(= 3.75d  downstream of the sphere) at Umean of (a) 5 m/s without perforated plate, (b) 
5 m/s with PlatG-D3 7 5 , (c) 7.5 m/s without perforated plate, (d) 7.5 m/s with P late-D ^, 
(e) 10 m/s without perforated plate, and (f) 10 m/s with P late-D ^.
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Figure 4.29 shows the plots of power spectrum for measurements conducted at 
40D. Analysis of these plots also shows a similar trend. When the plate is not present, the 
spectral peak is distinguishable for the 3 different mean flow velocities -  5 m/s, 7.5 m/s 
and 10 m/s, which are shown in Figs. 4.29(a), 4.29(c) and 4.29(e) respectively. On the 
other hand, when the plate is present, the three plots, Figs. 4.29(b), 4.29(d) and 4.29(f), 
show that the spectral peak is not distinguishable, which again indicates the possibility 
that freestream turbulence has attenuated the vortex shedding process from the sphere.
Another interesting trend may be observed by comparing the corresponding plots 
at 30D and 40D. To begin with, if we compare Figs. 4.28(a) and 4.29(a), both of which 
show results for 5 m/s and without the plate present, we can see that the strength of the 
dominant spectral peak (which is around 10 Hz for both these cases) is relatively lower at 
40Z). Similar comparisons can be made by comparing the plots for the other two 
velocities as well, i.e., 7.5 m/s (Figs. 4.28(c) and 4.29(c)) and 10 m/s (Figs. 4.28(e) and 
4.29(e)). Such behavior may perhaps be attributed to the fact that as the flow moves 
downstream, the large scale vortical structures begin to interact amongst themselves as 
well as with the turbulent eddies present in the flow. This interaction leads to progressive 
breakdown of the organized vortical structures into small scale random and unorganized 
eddies; in the process these vortical structures lose energy to the smaller eddies. As a 
result the amplitude of the spectral peak showed a reduction with downstream distance as 
can be observed for almost all the plots shown in Fig. 4.29. It is important to note that the 
background turbulence energy also decreases appreciably from 30D to 40D.
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Fig. 4.29: Plot of power spectrum at 40D downstream from the wind tunnel entrance 
(= 7.5d  downstream of the sphere) at Umean of (a) 5 m/s without perforated plate, (b) 
5 m/s with Plate-Djz.j, (c) 7.5 m/s without perforated plate, (d) 7.5 m/s with PlatQ-D3 7 5 , 
(e) 10 m/s without perforated plate, and (f) 10 m/s with Plate-D^z.j.
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4.4.2 Variation of Amplitude {AmiIX)
The plots displayed in Fig. 4.30 show the contours of the amplitude (Amax) across 
the measurement planes. These plots show the results for the case when the perforated 
plate was not present and at a mean velocity of 7.5 m/s. As no dominant spectral peak 
was observed for the case when the perforated plate was present, the corresponding plots 
for those cases could not be created.
Observation of the plots shown in Fig. 4.30 presents some interesting facts. As 
can be seen from Fig. 4.30(a) the value of Amax shows a substantial variation in the radial 
direction. It can be observed that the value of the Amax is the lowest in the region furthest 
away from the center of the plane. As we move towards the center of the cross-section 
the value shows an increasing trend. At some distance from the center it reaches a largest 
value, for example in this case the largest value shown in Fig. 4.30(a) is about 0.5. On 
further moving towards the center, the value of Amax now shows a decreasing trend. Based 
on these observations we can conclude that the largest value occurs at some distance 
away from the center of the cross-section.
Another trend can be seen by comparing the 3 plots shown in Fig. 4.30. It can be 
observed that the largest value of Amax in the cross-section shows a decreasing trend with 
downstream distance. For example, the largest value at 30D is about 0.5, as illustrated in 
Fig. 4.30(a). Comparing this with the plots at 40D and 50D, which are shown in 
Figs. 4.30(b) and 4.30(c) respectively, we can see that this value shows a decrease with 
downstream distance. This observation reiterates a similar effect that was previously 
observed by comparing the power spectra plots at 30D  and 40D in Figs. 4.28 and 4.29 
respectively.
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Fig. 4.30: Contours of Amax at (a) 30D (3.75d  downstream from the sphere center), 
(b) 40D (7.5c/ downstream from the sphere center) and (c) 50D (1125d  downstream from 
the sphere center) downstream from the entrance of the wind tunnel at a mean flow 
velocity of 7.5 m/s without the perforated plate. The central axes of the wind-tunnel 
cross-section are shown by dashed lines. The sphere is located at the center of the cross- 
section and is shown by dashed circle.
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Finally, comparing the 3 plots shown in Fig. 4.30, it can be seen that the area 
mapped within the contours shows an increase in size with downstream distance. Since 
the region bound by the contours may be considered as an approximate representation of 
the wake of the sphere, it may be said that for the present flow conditions the size of the 
wake shows an increase with downstream distance. This observation is consistent with 
the results obtained by Taneda [1978], who observed a similar trend for flows past a 
sphere in this range of Reynolds number.
4.4.3 Variation of Strouhal and Roshko Numbers
Figure 4.31 shows the variation of Strouhal number with Reynolds number at 
different flow conditions. As mentioned previously, the value of Strouhal number is 
calculated based on the frequency of the spectral peak, by using the relationship given in 
Eq. (3.15). Since, for the present set of measurements no distinguishable spectral peak 
was obtained in the presence of the plate, the corresponding Strouhal number could not 
be identified for those cases and is not included in Fig. 4.31. As can be observed from 
Fig. 4.31, almost all the data points shown in the figure lay very close to a value of 0.2. 
This observation is consistent with the observations made in the past studies over a 
similar range of Reynolds number [Taneda 1978, Sakamoto and Haniu 1990, Wu and 
Faeth 1994], where it has been shown that the value of Strouhal number for the low-mode 
of vortex shedding lies very close to a value of 0.2 in such range of Reynolds number.
The variation of Roshko number with Reynolds number, at different flow 
conditions, is shown in Fig. 4.32. The value of Roshko number was calculated on the 
basis of the dominant vortex shedding frequency, using Eq. (3.16). For the different cases 
shown in Fig. 4.32, it can be said that the value of Roshko number increases roughly 
linearly with Reynolds number. This observation is similar to the results previously 
obtained for flow past a sphere by Olim et al. [2002] and Ormieres and Provansal [1999].
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Fig. 4.32: Variation of Roshko number with Reynolds number.
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4.5 Drag Measurement Results
This section presents the results for the drag measurements conducted on the 
sphere using a loadcell. The effects of turbulence intensity and integral length scale on 
the drag characteristics of the sphere are discussed in detail here.
4.5.1 Sphere Drag in Empty Test Section
As a first step the drag measurements were conducted without the perforated 
plates present. Figure 4.33 shows the results for the drag experiments conducted on the 
sphere using a loadcell. The value of the drag coefficient presented in this graph 
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Fig. 4.33: Drag coefficient as a function of Reynolds number, in unperturbed flow.
Due to the higher Reynolds number during these experiments, even in an 
unperturbed flow as a result of the vortex shedding process, unsteady forces act on the 
sphere. These effects can be observed in Fig. 3.4(a) which shows the plot of the 
instantaneous drag as a function of time for the sphere placed in the empty test section.
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The curve in Fig. 4.33 shows the standard drag curve for the range in which experiments 
were conducted. As can be observed from the figure, the value of drag coefficient, which 
is obtained after non-dimensionalzing the drag force, shows a gradual increase in its 

















Fig. 4.34: Instantaneous drag on the sphere at mean flow velocity of 7.5 m/s where the 
sphere is placed in (a) empty test section and (b) 20D downstream of the perforated plate 
(Plate-Z>i7.5).
4.5.2 Sphere Drag in Turbulent Flow
The plot for the instantaneous drag as a function of time, for a sphere in 
freestream turbulent flow, is shown in Fig. 4.34(b). Similar to the case of the sphere in 
the empty test section, for this case also the drag tends to be unsteady, although with a 
different mean value. Figure 4.35 shows the results for the drag experiments conducted in 
the presence of the perforated plates. Drag measurements were carried out by placing the 
sphere at a distance of 20D and using the three different perforated plates in order to 
generate freestream turbulence. The properties of the turbulent flow were measured in the 
plane where the sphere was attached, in the absence of the sphere. These measurements 
were conducted using the hot-wire arrangement. These results are summarized below in 
Table 4.1. The values presented here have been averaged across the cross-section of the 
plane in order to eliminate any spatial fluctuations.
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U= 5 m/s U= 7.5 m/s U -  10 m/s U= 5 m/s U= 7.5 m/s U= 10 m/s
Plate-£>25 6.8 6.6 6.5 0.28 0.31 0.32
Plat Q-D37J 5.6 5.5 5.1 0.33 0.36 0.36
Plat Q-D5 0 5.1 5.2 4.9 0.51 0.54 0.55
The plot of drag coefficient, based on the data from Table 4.1 is presented in 
Fig. 4.35. The dotted lines in this figure represent the contours of constant Tu (from 
Neve [1986]). The figure shows that for all the three value of Reynolds number, the 
highest drag occurs for the case when no plate is present. Observing the data points 
corresponding to the lowest Reynolds number case (Re = 3.3 x 104), a couple of points 
can be noted. Firstly, the value of drag coefficient decreases as the turbulence intensity 
increases. This observation is also true for the data points belonging to the case where 
Re = 5 x 104, although with less clarity.
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Fig. 4.35: Drag coefficient as a function of Reynolds number.
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From the same data it can also be observed that that as the value of integral length 
scale increases, the value of drag coefficient also increases. However it is very important 
to note that based on these results it can not be inferred that these results depict the 
behavior of drag independent of each other. For example, as can be seen from the values 
shown in Table 4.1, the turbulence intensity and integral length do not vary 
independently of each other. Hence, their effect on drag coefficient can not be considered 
independent of one another, based on the present set of experiments.
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Two sets of measurements were carried out at three planes downstream of a 
sphere. In the first case the sphere was supported by a rod and the second case the sphere 
was supported by strings. In the first case, measurements were carried out at three 
different Reynolds numbers, based on the diameter of the sphere (d), of 3.3 x 104, 5 x 104 
and 6.6 x 104. Both without and with the perforated plate cases were investigated. In the 
second case the Reynolds number was kept constant ( 5 x 1 04), and the properties of the 
incoming turbulence flow were changed by using three different types of perforated 
plates, having holes of size 25 mm, 37.5 mm and 50 mm.
In order to understand the effect of the freestream turbulence on flow past the 
sphere measurements were also carried out in the empty test section (without the sphere) 
for both these conditions (without and with the perforated plate). In the empty test section 
the time averaged velocity followed a uniform profile across the cross-section. The 
turbulence distribution was found to be regular and had Gaussian characteristics. In the 
presence of the sphere, the value of time averaged velocity was found to be slightly 
reduced inside the wake. The wake boundary behind the sphere contained the region of 
higher values of rms velocity and turbulence intensity. The energy dissipation rate 
reduced drastically with distance downstream from the sphere indicating the effect of the 
exponential decay law. Corresponding change in Kolmogorov length scale was also 
observed.
Data for rms velocity and turbulence intensity, at the measurement plane closest 
to the sphere, showed slightly higher values when no plate was present, indicating the 
possibility that freestream turbulence lead to a reduction in the vortex shedding 
mechanism. The results for skewness and flatness factors also showed higher deviation 
from Gaussian behavior for the case when no plate was present; indicating the presence 
of organized vortices in the wake boundary region. The contours for the Reynolds stress 
also showed two distinct regions of positive and negative stresses indicating the presence 
of alternating and opposite vortex shedding from the sphere. The size of the wake was 
found to increase with distance downstream from the sphere.
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Based on the present study it can be concluded that with increase in Reynolds 
number, energy dissipation rate and rms velocity in sphere wake increase. Secondly, the 
peak value of Reynolds stress decreases with increase in the integral length scale of the 
flow. The results from the analysis of the vortex shedding process clearly showed that the 
strength of the shedding signal weakens in the presence of the freestream turbulence.
The drag measurements at all the three Reynolds number showed that the highest 
amount of drag existed for the case when there was not plate present. The drag 
coefficient, in the presence of the freestream turbulence, also showed some trends -  the 
value of drag coefficient increases with increase in integral length scale and decreases 
with increase in turbulence intensity. However these parameters could not be varied 
independently of each other.
5.2 Recommendations
The following are the possible undertakings for future work on study of flow past 
a sphere:
(a) To extend the range of Reynolds number and to independently vary the 
turbulence intensity and integral length scale during the drag measurements.
(b) To investigate the correlation between the vortex shedding process and the 
instantaneous drag on the sphere.
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APPENDIX A. Uncertainty Analysis
In order to quantify the experimental uncertainties the methodology provided in 
the references [Yavuzkurt 1984, Coleman and Steele 1989, Wheeler and Ganji 1996, Fox 
and McDonald 2001] were followed. The independent parameters such as atmospheric 
pressure, temperature and dimensions were identified and the corresponding bias (B) and 
precision (P) errors were found by using the following relations:
B = j B f + B 2 +--- + B 2t , (A-1)
and
P ^ ^ P 2 + P 2 +- -  + P 2 . (A.2)
These two types of error were combined to give the overall uncertainty (W):
W = ^ B 2 + P 2 . (A3)
The uncertainties of the dependent variables were determined by the propagation 
of the uncertainties of the independent variables, such as pressure and temperature, since 
the dependent variables are functions of the independent variables. For example, in the 
context of the present experimental study the Reynolds number, Re, is defined as:
Re = Umea"d . (A.4)
v
Therefore the individual uncertainties of the mean flow velocity, diameter of the 
sphere and the kinematic viscosity of air determine the overall uncertainty in the 
Reynolds number, Re. After expressing the uncertainties in relative values (%) the 
following relation was used [Fox and McDonald 2001]:
W, \ 2um




A.l Uncertainty in Sphere Diameter (d) Measurements
The diameter of the sphere was measured with the help of a dial-caliper. The 
caliper had a resolution of 0.0254 mm and an accuracy of ±0.0127 mm. In order to obtain 
the uncertainty in the diameter of the sphere, measurements were conducted along both 
equatorial and longitudinal directions. Owing to the presence of the hole in the sphere,
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some deviation was recorded in the diameter. Using the standard deviation of the 
measured values, student-t distribution method was employed at 95% confidence and the 
relative uncertainty was found to be 2.5%. The sphere had a mean diameter of 102 mm 
and was found to be accurate up to ±2 mm.
A.2 Uncertainty in Reynolds Number (Re)
In order to measure the ambient room temperature where the experiments were 
carried out, a mercury thermometer was used. The resolution of the instrument was 1°C, 
giving an accuracy of ±0.5°C. The maximum variation in the room temperature for each 
individual set of experiments was found to be ±1.5°C. The zero order precision error was 
considered to be based on unsteadiness in temperature and the readability of the 
instrument. The overall relative uncertainty in the measurement of temperature was 
calculated according to (A.3) and was found to be about 4.5%. Measurement of ambient 
pressure was conducted using a mercury barometer, which had a resolution of 0.1 mm 
(height of mercury column), same as 0.01 kPa. There was not a significant change in 
ambient pressure during the experiment, and no unsteadiness in the readings was 
accounted. As a result the overall uncertainty was estimated to be very low at less than
The mean flow velocity in the wind tunnel was monitored by a pitot-tube and 
digital manometer arrangement. The resolution of the digital manometer was 0.025 mm 
(height of water column), same as 0.15 Pa. The necessary pressure drop in the digital 
manometer corresponding to a desired flow velocity was calculated by the following 
relation:
where the value of density of the air was pre-determined from the measured 
values of ambient temperature and pressure, and by applying the ideal gas law. 
Substituting for pair, in the above equation and rearranging the following relation was 
obtained:
0.5%.
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Using the similar concept of propagation of errors, and using an equation 
analogous to (A. 5), the following equation was obtained:
In order to calculate the uncertainty in Reynolds number, the relation presented in 
(A. 5) was directly used since the individual uncertainties of the independent variables 
were already known. The relative uncertainty of Reynolds number was found to be 3.5%, 
3.7% and 4.8% at mean flow velocities of 10 m/s, 7.5 m/s and 5 m/s respectively.
A.3 Uncertainty in Hot-wire Measurements 
A.3.1 Uncertainty in time averaged velocity (U) and rms velocity (urms)
In order to calculate the overall uncertainties in time averaged velocity and rms 
velocity the methodology described in reference [Yavuzkurt 1984] was adopted. The total 
uncertainty in the measurement of flow velocity using hot-wire was considered to consist 
of individual components such as calibration uncertainty, uncertainty due to digitization 
and uncertainty of flow in the wind tunnel.
A.3.1.1 Calibration Uncertainty
Uncertainty in calibration consisted of 3 main components -  uncertainty in the 
reference flow velocity, uncertainty in the voltage reading and the uncertainty due to the 
curve fitting coefficients. In accordance with reference [Yavuzkurt 1984], the hot-wire 








where the coefficients a and /? are defined as,
(A. 11)
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In the above equation Ueff is the instantaneous effective velocity and is obtained 
from the calibration equation of hot-wire probe. Using the equations (A.9 - A. 12) and the 
calibration data, the typical values for a and /? were obtained as 0.04 and 0.01 
respectively.
A.3.1.2 Digitization Uncertainty
The A/D (analog-to-digital) board used in the present setup consisted of 12-bits 
with the maximum voltage as 10 Volts. Accordingly the error due to the finite resolution 
of the hot-wire anemometer output voltage was estimated. The uncertainty in velocity 
due to digitization was calculated as:
. (A. 13)
U Vo
A.3.1.3 Uncertainty in Wind Tunnel Velocity
As mentioned previously, the parameters which control the accurate measurement 
of the flow in the wind tunnel are - the uncertainties of the instruments used - digital
manometer, thermometer and mercury barometer and the variation in temperature with
time. The error in measured velocity is estimated to be similar to the uncertainty in the 
mean flow velocity, and is calculated using equation (A. 8):
W- Wi;
U  ^  U mnean ( A  1
U ~ UL-/  mean
Finally the individual uncertainties in U (and urms), obtained above, are added 
together to obtain the overall uncertainty. The maximum uncertainty in U and urms was 
estimated as 6% and 9% respectively. These values were estimated at mean flow velocity 
of 5 m/s, since at this condition the uncertainty is expected to be the highest. The 
corresponding uncertainties at the other flow velocities (10 m/s and 7.5 m/s) shall be 
smaller compared to these values.
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A.3.2 Uncertainty in Other Turbulence Parameters
Since, instantaneous velocity (U) is the parameter which was directly measured 
during the experiment, the uncertainties of the other parameters can be derived from the 
uncertainty in the measurement of time averaged and rms velocities. In order to calculate 
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Using equations (A.15-A.21) and having already known the relative 
uncertainties of the time averaged velocity and the rms velocity, the individual 
uncertainties for the other parameters were calculated. The uncertainties in relative 
turbulence intensity (Tu), energy dissipation rate (e), Kolmogorov length scale (rj), 
integral length scale (A), Skewness factor (S), Flatness factor (F) and Reynolds stress (i?p) 
were obtained as 11%, 22%, 6%, 27%, 17%, 22% and 13% respectively. These values
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were again calculated at mean flow velocity of 5 m/s, in order to obtain a conservative 
estimate of overall uncertainties. The corresponding uncertainties at the other flow 
velocities (10 m/s and 7.5 m/s) shall be smaller than the values found here.
A.4 Uncertainty in Drag Measurements
A.4.1 Uncertainty in the Angle of the String
The angular uncertainties were calculated to account for the deviation in the 
angle, w (as shown in Fig. 3.11), sustained by the string attached to the loadcell. Under 
ideal conditions the desired angle, with respect to the horizontal, was 45°. In order to 
obtain the uncertainty in the angle, repeated measurements were conducted. The 
deviation in this angle arose mainly due to the inaccuracies in the locations of the loadcell 
and the length of the string. The uncertainty in the angle was calculated using the student- 
t distribution method, using the standard deviation of the measured values. The overall 
uncertainty in the value of tension in the wire due to the angle was estimated at 3%.
A.4.2 Error Due to the Connecting String Drag
Since the sphere was attached to the wind tunnel with strings, there is some error 
expected in the drag measurement due to the additional drag experienced by the strings. 
In order to estimate the drag on the strings, certain simplifications were carried out. For 
the purpose of drag calculations the strings were assumed to be cylindrical. The drag on 
the strings was estimated using the following relationship:
F =CD,Strings D,Cylinder - p U 2 2
x Area (A.22)
For each case of the mean flow velocity the corresponding Reynolds number, 
based on the diameter of the strings, was calculated. The values of drag coefficient for the 
cylinder (for each Reynolds number) were obtained from the standard cylinder drag curve 
[Schlichting 1979]. Based on these calculations the maximum error in the sphere drag 
was estimated at over 2.5%.
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A.4.3 Error due to the Effect of Blockage Ratio
Since, during the experiments conducted in this study the sphere was placed in a 
closed wind tunnel, there is expected to be some differences in the drag measured as 
compared to the drag experienced by a sphere in a very large unbounded flow. The 
change in the characteristics of the drag force can be expressed in terms of the blockage 
ratio, which is defined as the ratio of the frontal area of the sphere to the cross-section of 
the wind tunnel. Using the values for sphere diameter and wind tunnel dimensions the 
blockage ratio was calculated as 1.5%. Based on this value the error in the drag force can 
be estimated using the following correlation which is valid for subcritical flows past the
where the value of y depends on the mean flow velocity and was obtained from 
Achenbach [1974a]. Using the above relationship the overall error in the value of sphere 
drag was estimated at over 4%.
A.4.4 Digitization Uncertainty
The loadcell was connected to the computer through an amplifier. The output of 
the amplifier consisted of an analog voltage signal and was connected to the A/D board 
of the computer which converted the signal from analog digital. The A/D board used in 
the present setup consisted of 12-bits with the maximum voltage as 10 Volts. 
Accordingly the error due to the finite resolution of the amplifier was estimated. The 
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- p U ‘
2
where the value of drag force, FD, was substituted directly from Eq. (3.2a) in order to 
obtain the drag coefficient as a function of the tension in the string. Next, the various 
uncertainties were substituted in order to calculate the net uncertainty in the drag 
coefficient at the various mean flow velocities. The maximum uncertainty in Co was 
estimated as 14%. This value was estimated at mean flow velocity of 5 m/s, since at this 
condition the uncertainty is expected to be the highest. The corresponding uncertainties at 
the other flow velocities (7.5 m/s and 10 m/s) were estimated as 12% and 11% 
respectively.
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APPENDIX B. Drag Calculation by Momentum Defect Method
In some cases the drag force on a bay can be determined from the velocity 
distribution in the wake [Schlichting 1979]. Such a calculation can be based on velocity 
distribution known by traversing a pitot-tube or hot-wire measurements. In principle it 
can be used for estimating the drag on two-dimensional and axially symmetrical bodies 
(cylinder). However this method is being used in the present case for a three-dimensional 
body (sphere) in order to compare with the results obtained by direct drag measurement 
using a loadcell. In order to apply the method of momentum defect the modified form of 
the two-dimensional equation [Schlichting 1979] is used, which relates the drag force to 
the downstream velocity distribution:
FD= p ] f i ( u mm-u} tydz .  (B.l)
0 0
According to this equation, the drag can be obtained by applying the double 
integral across the cross-section of measurement plane. This equation is applied to the 
conditions which are shown schematically in Fig. B.l (which shows the top view of the 
wind tunnel).
Fig. B.l: Control volume used for the momentum defect calculations.
Equation (B.l) is used to calculate the drag force at 7.5 m/s for the case when no 
plate is present. As the first step the data gathered at measurement plane 40 D downstream 
from the entrance of the test section (7.5d  downstream from the center of the sphere) was 
used to perform these calculations. Based on these calculations the value of drag was 
obtained as -3.0 N. Next, the data gathered at measurement planes 30D downstream from
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the entrance of the test section (3.75J downstream from the center of the sphere) and 
5OD downstream from the entrance of the test section (11.25d  downstream from the 
center of the sphere) were used to perform these calculations. The drag results from these 
calculations were -4.5 and -2.9 N respectively. All of these values are negative and they 
are very different from the drag obtained by loadcell measurements. The loadcell 
measurement at mean flow velocity of 7.5 m/s (and with no plate present) shows a drag 
of about 0.13 N.
Apart from these results, calculations were also conducted for other flow 
conditions; however in all these cases the value of drag was still negative. The reason for 
such peculiar results could be due to the fact that this method of obtaining the drag may 
only be applied to two-dimensional bodies [Schlichting 1979]. In addition, some other 
constraints in the present setup, such as wall effects, may have contributed towards this 
large deviation.
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